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1. Abstract 
Final performance report of the Young Investigator Program (YIP) project titled “High-Power 
Microwave Metamaterials for Phased-Array, anti-HPM, and Pulse-Shaping Applications” is 
presented in this document. The research conducted in this project resulted in a number of unique 
devices for operation in high-power microwave systems. Specifically, for the very first time, 
high-power frequency selective surfaces capable of handling extremely high-power levels were 
introduced and experimentally demonstrated. Other major findings of this project include the 
introduction, development, and experimental demonstration of two new classes of ultra-
wideband, true-time-delay, and high-power-cable microwave lenses suitable for operation in 
high-power phased-array antennas and electronic attack systems. Through the basic research 
conducted in this project, a better understanding of breakdown and plasma generation in high-
power microwave periodic structures and metamaterials was achieved. This new understanding 
resulted in the development of new techniques for creating fast acting, distributed discharge 
limiters as well as periodic plasma layers. Finally, the use of metamaterials in high-power 
microwave amplifiers was investigated and a new concept for designing high-power, millimeter-
wave traveling wave tubes was introduced and verified using computer-based simulations. 
 
 
2. Summary of Main Accomplishments of This Project 
The broad objective of this project was to investigate artificially engineered materials 
(metamaterials) capable of operating under extremely high power microwave (HPM) fields. We 
first investigated the use of wideband, high-power-microwave metamaterials composed of non-
resonant unit cells in the design of HPM frequency selective surfaces and spatial phase shifters 
(SPSs). The results of our investigations in this area are provided in Section 3. Subsequently, we 
investigated various mechanisms for dynamically tuning the responses of such metamaterial 
structures. These include electronic, micro-fluidic, and optical tuning techniques. The results of 
our investigations in this area are provided in Section 4 of this document. Using the sub-
wavelength periodic structures developed in this work, we developed several new types of 
microwave lenses and investigated their applications in high-gain, high-power antenna systems 
as described in Section 5 of this document. As part of this project, we also investigated the 
physics of breakdown processes in high-power metamaterials and periodic structures. In Section 
6 of this document, we outline our findings in this area. These findings are expected to facilitate 
the design of plasma-tunable structures, rapid distributed discharge limiters, and devices that 
generate periodic plasma over very large scales. Finally, in Section 7 of this report, we describe 
our research in the design of a new class of metamaterial-enhanced traveling wave tube 
amplifiers. 
 
 
3. High-Power Microwave Frequency Selective Surfaces and Metamaterials 
3.1.Theoretical Investigation of Electromagnetic Wave Tunneling Through Epsilon- and Mu-

Negative Slabs. 
One of the main objectives of this project was to examine the application of a class of 
metamaterials composed of nonresonant periodic structures in the design of high-power-
microwave (HPM) frequency selective surfaces (FSSs) and metamaterials. We started our 
investigations in this area by examining the problem of electromagnetic wave tunneling through 



 

a stacked
layers as 
at a fr
electrom
plasma l
Furtherm
problem 
microwav
provided
how EM
such stru
we devel
synthesiz
structure
frequency
theoretic
published
Physics 
examined
wave tun
of mu-n
layers se
DPS laye
published
 
3.2.Expe
Followin
through s
used to p
Specifica
operating
layers us
holes. W
and to ob
operation
indeed c
investiga
as 1.0 M
in Fig. 2.
generate 
The mag
the HPM
placed in
are samp
transmiss
demonstr

d arrangeme
shown in Fi

requency be
agnetic wav
layer is ind

more, we dem
can be conv
ve filter de

d an alternati
M waves ca
uctures. Thro
loped a synth
zing suc
s to provid
y response. 
al inves
d in the Jo

in 2012 
d the phen
nneling throu
egative (MN

eparated from
ers (i.e., the 
d in an articl

erimental De
ng our theore
stacked laye
practically im
ally, we exa
g below thei
sing wire gr

We demonstra
btain filters 
n. We also 
capable of h
ations demon

MW/cm2. We
. In this setu
a short dura

gnetron gene
M filters wer
nside a rectan
pled using d
sion and re
rated that ou

ent of doub
ig. 1. The EN
elow their 

ves can tunn
dividually o
monstrated th
verted to a cl
esign proble
ive explanat
an tunnel th
ough this an
hesis proced
ch mult
e a given d
The results 
stigation 
ournal of A

[J1]. We
nomenon o
ugh a stacked
NG) metam
m one anot
dual of the 

le in Progres

emonstration
etical invest

ers of ENG a
mplement the
amined imp
ir cutoff freq
rid structure
ated that both

or frequenc
fabricated p

handling ext
nstrated that 
e also condu
up, a magnetr
ation pulse w

erates a singl
e designed t
ngular WR-9

directional co
eflection coe
ur HPM filt

le-positive (
NG slabs are

plasma fr
nel through s
opaque. 
hat this 
lassical 
m and 
ion for 
hrough 
nalogy, 
dure for 
ti-layer 
desired 
of this 

were 
Applied 
e also 
of EM 
d layer 

material 
ther by 
structure sho
ss of Electrom

n of High-P
tigations of t
and DPS me
ese structure
lementation 
quencies. W
s with smal
h techniques
cy selective 
prototypes o
tremely hig
such filters 
cted high-po
ron is used a
with a peak
le frequency
to have a pa
90 waveguid
ouplers as s
efficients of
ers are capa

Fi
po
ep
str

4 

(DPS) diele
e essentially

frequencies. 
such stacked

own in Fig. 
magntics Re

Power Micro
the phenome

etamaterials, 
es to achieve

of the EN
We also inves

l periodiciti
s can be used
surfaces tha

of two such
gh peak pow
are capable 
ower microw
as the high-p

k power leve
y pulse with 
ass band at 
de and the in
shown in Fi
f the DUT 
able of hand

ig. 1. (a) Thr
ositive dielect
psilon-negative
ructure. 

ectric slabs 
y layers of de

We demo
d layers eve

1). The resu
esearch [J2].

owave Filters
enon of elec
we examine

e a high-pow
NG layers us

stigated the 
ies and extre
d to emulate 
at are capab
h filters and 
wer levels. 
of handling 

wave experim
power micro
el of 25kW 

the frequen
this frequen
ncident, refl
g. 2. Using 
can be me

dling at leas

ree-dimension
tric layers se
e metamateria

and epsilon
ense plasma 
onstrated th
en at frequen

ults of this in
 

s 
ctromagnetic
ed the techn

wer-capable 
sing rectang
implementa

emely small
the structur
le of high-p

d demonstrat
Specifically
peak power

ments using
owave source
and a pulse 

ncy of 9.382 
ncy. The dev
ected, and tr
this setup, 

easured. We
st 25 kW pe

nal view of a 
eparated from
al layers. (b) T

n-negative (E
that are ope

heoretically 
ncies where 

nvestigation 

c wave tunn
niques that c
microwave f

gular waveg
ation of the 
l sub-wavele
re shown in F
power micro
ted that they

y, our theor
r densities as
 the setup sh
e and it is us
duration of
GHz. There

vice under t
ransmitted p
the time-do

e experimen
eak power le

number of d
m one anoth
The side view 

ENG) 
erated 

that 
each 

were 

neling 
an be 
filter. 

guides 
ENG 
ength 
Fig. 1 

owave 
y are 

retical 
s high 
hown 
sed to 
f 1µs. 
efore, 
test is 
pulses 
omain 
ntally 
evels. 

double 
her by 

of the 



 

Although
than this 
power le
detailed r
journal p
 
3.3.Desig

Surfa
In this pr
element 
elements
thin diele
of sub-w
waveleng
capability
for increa
design a 
be capab
in this p
MW/cm2

 
The pow
HPM sou
Unit cell
pulses w
each dev
breaks do
trend ob
FSSs dev
The deta
in IEEE T
 
 

h, the true po
value. How

vel, we cond
results of thi

paper in the J

gn and Expe
aces 
roject, we al
frequency se
. These FSS
ectric layers
wavelength 
gth periodic
y of these st
asing their p
high-power 
le of handlin

project are e
2. Fig. 3 show

wer handling 
urce with a f
ls of variou

with variable 
vice were m
own was det
served in th
veloped in th
ailed experim
Transactions

ower handlin
wever, due to
ducted the e
is investigat
Journal of Ap

erimental De

lso examined
elective surf

Ss are compo
. Each metal
capacitive p
ity. The effe
tructures we

peak power h
microwave 

ng extremely
expected to 
ws the topolo

capabilities 
frequency of
s FSSs und
power leve

measured at v
termined. Th
he simulatio
his work wer
mental and th
s on Antenna

ng capability
o the lack o

experimental
ion and the 
pplied Physi

emonstratio

d the peak p
faces (MEFS
osed of a nu
l layer is in 
patches or 

fects of vario
ere investiga
handling cap
(HPM) freq

y high peak p
be capable

ogy of the p

of these dev
f 9.382 GHz
er investiga
ls. The time
various pow
he results of 
ns. Addition
re indeed ca
heoretical re
as and Propa

5 

y of these filt
f availability

l studies at th
experimenta
ics [J3].  

on of High-P

power handli
SSs) compos
umber of me
the form of 
a two-dime
ous design p
ated using el
pability were
quency selec
power levels
 of handlin
roposed HPM

vices were a
z, a peak pow
ation were p
e-domain ref

wer levels an
these experi

nally, our ex
apable of han
esults of this
agation [J4].

ters is expec
y of an HPM
he peak pow
al measurem

Power Micro

ing capabilit
sed entirely 

etal layers se
a two-dimen

ensional wir
parameters 
lectromagne
e proposed. 
ctive surface
s. Specifical

ng peak pow
M FSS. 

also experim
wer of 25 kW
placed in a w
flection and
nd the powe
imental inve
xperiments 
ndling extrem
s investigatio
 

Fig
the
to m
refl
coe
pow
and
sur
in t

cted to be sig
M source wi
wer level of 

ment results a

owave Frequ

ty of a class
of non-reso

eparated from
nsional perio
re grid stru
on the peak

etic simulati
These meth

e (FSS), whi
lly, the HPM
wer densities

mentally inve
W, and a pul
waveguide 

d transmissio
er level at w
estigations fo
demonstrate

mely high pe
on are publis

g. 2. The p
e experimen
measure th

flection and
efficients o
wer micro
d frequen
rfaces that 
this YIP pro

gnificantly h
ith a higher 
25 kW max

are published

uency Select

s of miniatur
onant constit
m one anoth
odic arrange
ucture with 
k power han
ons and met

hods were us
ich is expect

M FSSs devel
s as high a

estigated usin
lse length of
and excited 

on coefficien
which the d
ollowed the 
ed that the H
eak power le
shed in an a

photograph
ntal setup u
e time-dom

d transmiss
of the hi
owave filt
ncy select
are develop
oject. 

higher 
peak 

x. The 
d in a 

tive 

rized-
tuting 
her by 
ement 

sub-
ndling 
thods 
sed to 
ted to 
loped 

as 1.0 

ng an 
f 1µs. 

with 
nts of 

device 
same 
HPM  
evels. 
article 

 of 
sed 

main 
sion 
igh-
ters 
tive 
ped 



 

4. Deve
Meta

As one o
response
electroni
summary
 
4.1.Elect
We exam
metamate
frequency
transfer f
can be tu
transmiss
an appro
were fab
modes o
FSS’s tra
The resul
Propagat
 
In the ar
focused 
metamate
GaAs an

 
eloping Tun
amaterials 
of the aims 
s of high-p
c tuning te

y of our findi

tronic Tunin
mined the 
erials and p
y selective 
function of t
uned to supp
sion band. W
ximate analy
ricated and 
f operation 
ansmission n
lts of this stu
tion [J5]. 

rea of electr
on investiga
erials. Speci

nd BST bas

ning Techni

of this proje
power metam
echniques, o
ings in each 

ng Techniqu
use of ele

periodic stru
surface (FS
this FSS wa

press strong i
We investiga
ytical proced
characterize
were demon

null was exp
udy were pub

ronic tuning
ating the su
ifically, we 
ed varactors

iques for T

ect, we exam
materials an
optical tunin
area is desc

ues 
ectronic tun
ctures. Spec
S) capable 

as designed t
interference 
ated the prin
dure for syn

ed using a fre
nstrated exp
perimentally
blished in a 

g technique, 
uitability of 

considered 
s. In both c

6 

Tuning the R

mined the te
nd periodic 
ng techniqu

cribed below

ning techniq
cifically we 
of providin
to have a tra
signals with

nciples of op
nthesizing th
ee-space me

perimentally.
y demonstrat

journal pape

we also co
these techni
tuning the 

cases, we ob

F
M
ra
re
ce
ci
th

Responses 

echniques th
structures. 

ues, and flu
w.  

ques to tun
examined t

ng a third-or
ansmission n
h frequencie
peration of t
he desired FS
easurement s
. Finally, th
ted in a WR
er in IEEE T

onducted a n
iques for tu
responses o
bserved that

ig. 3. (a) 3-
MEFSS using
ather than c
ectangular pa
ell of the in
ircuit model f
hin high- subs

of High-Po

hat could be 
Specifically

uidic tuning

ne the resp
the design a
rder bandpa
null, the fre

es close to or
the device an
SS response
setup and th

he tuning per
R-90 wavegu
Transactions 

number of o
uning the res
of HPM met
at the nonlin

-D topology 
g thin high- 
capacitive lay
atches. (b) Top
nductive layer
for the 2nd-or
strate layers. 

ower Microw

used to tun
y, we exam
g technique

ponses of 
and analysis
ss response.

equency of w
r within the 
nd we devel
. Two proto

he FSS’s diff
rformance o

uide environm
on Antenna

other studies
sponses of H
tamaterials u
nearities of 

of a 2nd-o
substrate la

yers composed
p view of one 
r. (c) Equiva
der MEFSS u

wave 

ne the 
mined 
es. A 

HPM 
s of a 
. The 
which 
main 
loped 

otypes 
ferent 
of the 
ment. 

as and 

s that 
HPM 
using 
these 

rder  
ayers 
d of 
unit 

alent 
using 



7 
 

devices completely disrupt the performance of the metamaterials and periodic structures that use 
them when operated in high-power microwave conditions. Our findings in this area are published 
in a sub-section of a journal paper that we published in IEEE Transactions on Antennas and 
Propagation [J6]. 
 
4.2.Optical Tuning Techniques 
We also examined the use of optical tuning techniques to tune the responses of HPM 
metamaterials and periodic structures. The idea behind this concept is rather simple. Specifically, 
when a photoconductive material is illuminated with light with appropriate wavelength, the 
conductivity of the material changes. When such photoconductive materials are integrated with 
unit cells of periodic structures and metamaterials, this change in conductivity can be used to 
change the properties of the structure. The fact that this tuning method is not an electronic-based 
technique is particularly useful in high-power microwave applications, since the devices 
maintain their linearity under HPM operation. However, in our investigations we found out that 
the range of conductivities that can be achieved using existing photoconductive materials, when 
the intensity of the incident light is changed, is not wide enough to obtain any meaningful tuning 
of the responses of the metamaterials under investigation. Specifically, for this proposed scheme 
to work, a wide tuning range of conductivities as well as very high levels of conductivities were 
needed. Using existing photoconductive materials and technologies only allows for achieving 
very limited tuning range and the devices designed using these materials were found to suffer 
from excessive loss levels. Therefore, we abandoned this approach in favor of liquid tuning 
technique as is described in Section 4.3. We point out that optical techniques may have a place in 
designing reconfigurable metamaterials and periodic structures for certain specific applications. 
For example, we believe that they are particularly useful in converting an FSS to an absorber or 
to turn on/off a periodic structure. However, since the goal of our current investigation was to 
develop tunable structures with relatively low loss values, this approach was not pursued any 
further.  
 
4.3.Fluidic Tuning Techniques 
In this area, we examined fluidically tunable periodic structures acting as highly-selective 
frequency selective surfaces (FSSs) or spatial phase shifters (SPSs) capable of providing phase 
shifts in the range of 0° െ 360°. These devices were multi-layer periodic structures composed of 
non-resonant unit cells. The tuning mechanism was based on integrating small, movable liquid 
metal droplets with the unit cells of the periodic structure. By moving these liquid metal droplets 
by small distances within the unit cell, the structure’s frequency response can be tuned 
continuously. Fig. 4 shows the three-dimensional topology of one such fluidically-tunable 
structure. 
 
Using this technique, a fluidically tunable FSS with a fifth-order bandpass response was 
designed and its tuning performance was examined for various incidence angles and 
polarizations of the incident EM wave. Additionally, electronically tunable counterparts of the 
same structure were also designed and their tuning performances were examined under short-
duration high-power excitation conditions. It was demonstrated that such electronically tunable 
FSSs/PSSs demonstrate extremely nonlinear responses. Since the fluidically tunable structure 
examined in this work does not use any nonlinear devices, its response is expected to remain 
linear for such short-duration high-power excitation conditions. The tuning performances of 
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5.4.Design of Wideband, FSS-Based Multi-Beam Antennas Using the Effective Medium 
Approach 

As part of this project, we also developed a broadband, low-profile, multi-beam antenna. The 
antenna uses multiple feed elements placed on the focal plane of a planar microwave lens to 
achieve high-gain, multi-beam operation with a wide field of view. The lens is based on the 
metallo-dielectric lenses developed in this project and reported in Section 5.3 and it uses the 
constituting unit cells of appropriately designed miniaturized-element frequency selective 
surfaces (MEFSSs) as its spatial time-delay units. A new technique for modeling such lenses was 
also developed. This new technique simplifies the full-wave electromagnetic simulation of 
MEFSS-based lenses to a great extent. This technique is based on treating the pixels of the lens 
as effective media with the same effective permittivity and permeability and significantly 
reduces the difficulty of modeling and optimizing the proposed multi-beam antenna with its 
relatively large aperture size in a full-wave electromagnetic simulation tool. Using this 
procedure, a prototype multi-beam antenna operating in the 8-10 GHz range was designed. The 
prototype was fabricated and characterized using a multi-probe, spherical near field system. The 
measurement results were found to be in good agreement with the simulation results obtained 
using the proposed simplified modeling technique. Measurements demonstrated completely 
consistent radiation characteristics over the antenna’s entire operational band with multiple 
beams in a field of view of േ45° within the entire band of operation of the antenna. The results 
of this investigation are submitted in the form of a journal paper for evaluation and publication in 
IEEE Transactions on Antennas and Propagation [J12]. This work is also reported in a number of 
conference papers [C4], [C11]. 
 
5.5.Ultra-Wideband, True-Time-Delay Reflectarray Antennas Using Ground-Plane-Backed 

Miniaturized-Element Frequency Selective Surfaces 
As part of this project, we invented a new method for designing low-profile reflectarray antennas 
with broadband, true-time-delay (TTD) responses. The structures developed in this work are 
composed of numerous reflective spatial time delay units distributed over a planar surface. Each 
spatial time delay unit is a unit cell of a ground-plane-backed miniaturized-element frequency 
selective surface (MEFSS) composed of non-resonant elements. Each element is a lowpass type 
MEFSS composed of a stack of non-resonant patches separated from one another by thin 
dielectric substrates and the whole structure is backed with a ground plane. A prototype of the 
proposed MEFSS-based TTD reflectarray with the focal length to aperture diameter ratio (f/D) of 
0.87 operating at the center frequency of 10 GHz was designed, fabricated, and experimentally 
characterized both in time and frequency domains. It was demonstrated that the fabricated TTD 
reflectarray operates over a bandwidth of 40% without any significant chromatic aberrations. 
The proposed antenna provides a realized gain of 23 dB when fed with an X-band horn antenna 
and shows a gain variation of about 4 dB in the 8-12 GHz range. The antenna also shows 
consistent radiation characteristics and relatively low sidelobe levels across its entire band of 
operation. The results of this investigation are published in the form of a conference paper [C5] 
and a journal paper on this effort was prepared and submitted to the IEEE Transactions on 
Antennas and Propagation. This manuscript is currently under review [J13]. 

 
 

6. Physics of Microwave Breakdown in High-Power Microwave Metamaterials and 
Periodic Structures 
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6.1.Investigating the Impact of Microwave Breakdown on the Responses of High-Power 

Microwave Metamaterials 
We investigated the effect of microwave-induced breakdown on the frequency responses of a 
class of metamaterials composed of planar sub-wavelength periodic structures. When breakdown 
occurs in such a structure, its frequency response changes based on the nature of the plasma 
created within its unit cell. We examined how the frequency responses of such periodic 
structures change as a result of creation of microwave-induced discharges within their unit cells. 
To do this, we examined single-layer metasurfaces composed of miniature LC resonators 
arranged in a 2-D periodic lattice. These metasurfaces are engineered to be opaque at microwave 
frequencies when operated at low power levels but can be made transparent if a localized 
discharge is created within the LC resonators. By measuring their transmission and reflection 
coefficients under high-power excitation in different conditions, the impact of breakdown on the 
frequency responses of these devices was determined. Several prototypes of such structures were 
examined both theoretically and experimentally. It was demonstrated that when breakdown 
occurs in air and at atmospheric pressure levels, the responses of such periodic structures can be 
predicted with a reasonable degree of accuracy. Additionally, when the unit cell of the 
metasurface was composed of two different resonators, breakdown was always observed to occur 
in both resonators despite their different topologies and local field enhancement factors. In such 
structures, the discharge in one resonator was found to mediate the discharge in the other 
resonator. The results of our investigations in this area were published in a number of conference 
papers [C1], [C2], [C7], [C8], [C13] and a journal paper published in IEEE Transactions on 
Plasma Science [J14]. 
 
6.2.Investigating the Physics of Simultaneous Breakdown Events in High-Power-Microwave 

(HPM) Metamaterials With Multiresonant Unit Cells and Discrete Nonlinear Responses 
Electromagnetic metamaterials offer a significant potential to enable new capabilities in many 
applications. Under high-power illumination, metamaterials and periodic structures experience 
internal breakdown, altering frequency response, and/or yielding thermal damage. As part of this 
project (see Section 6.1), we observed simultaneous breakdown discharges at two separate sites 
within a multi resonator metamaterial unit cell, even though the electric field intensities at one of 
the resonator sites should have been well below the threshold intensity required for breakdown. 
In this part of the project, we investigated three candidate mechanisms for the simultaneous 
breakdown discharges: energetic electrons, ultraviolet (UV) radiation, and vacuum UV (VUV) 
radiation. Experiments inserting different dielectric barriers between the two resonators of a 
multiresonator unit cell were able to selectively isolate the coupling influence of the candidate 
mechanisms. It was established that, VUV radiation from the discharge at the resonator with a 
lower electric field breakdown threshold causes simultaneous breakdown at the other resonator 
where the field intensities are otherwise too low to induce breakdown. The results of this 
investigation were published in a number of conference papers [C2], [C7] as well as a journal 
paper published in IEEE Transactions on Plasma Science [J15]. Using this concept and in 
collaboration with Prof. John H. Booske at the Department of Electrical and Computer 
Engineering of the University of Wisconsin-Madison, we demonstrated that such single-layer 
metasurfaces can be used to reduce the threshold breakdown and the breakdown delay in a 
distributed discharge limiter. The results of this study were published in a number of conference 
papers [C9], [C10].  
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7. Metamaterial-Enhanced Traveling Wave Tubes 
The growing need for high power sources at millimeter-wave (MMW) frequencies has been 
motivated by a number of applications ranging from high-data rate communication systems to 
homeland security and radar applications. Although solid state power amplifiers are relatively good 
candidates for high power generation in the S and C bands (2-8 GHz), their power gain 
performance rapidly deteriorates in the MMW range. Vacuum electronics amplifiers such as 
Traveling Wave Tubes (TWTs) have superior power and efficiency capabilities at MMW and THz 
regions compared to solid state power amplifiers. However, at these frequencies, the extremely 
small dimensions of the slow-wave structures (SWS) used in TWTs limits their maximum beam 
diameter and beam current and consequently their gain and total output power levels. Therefore, at 
these frequency bands, it is desirable to increase the size of the SWS of a TWT without decreasing 
the primary frequency band of operation of the SWS. This allows for increasing the beam diameter 
and total beam current of the TWT resulting in a higher gain and output power level.  
 
As part of this project, we examined this “reverse-miniaturization” concept in a folded 
waveguide TWT (FWTWT), since they are easier to fabricate at MMW frequencies compared to 
other types of TWTs such as helix or ring bar TWTs. We demonstrated that when a folded 
waveguide SWS is loaded with epsilon negative (ENG) metamaterial slabs periodically, its band 
diagram is shifted to higher frequencies. To reduce the frequency of the main band of the SWS 
back to the desired (lower) frequency range, we scale the dimensions of the SWS up and obtain a 
larger structure that has a larger beam tunnel compared to that of the unloaded SWS. Through 
Particle In Cell (PIC) simulations in CST Studio, we were able to demonstrate that the 
metamaterial-enhanced TWT has a considerably higher interaction impedance than the unloaded 
structure and can achieve a larger gain. Additionally, because of the larger beam diameter, the 
beam current can also be increased further increasing the amplifier’s gain. We were also able to 
propose practical implementation techniques that may be used to implement the metamaterial 
loadings in these types of TWTs. These implementations do not use any sort of resonant-
elements and use exclusively metallic structures. Therefore, these metamaterial-enhanced 
traveling wave tubes are not expected to be susceptible to breakdown and they are expected to be 
capable of handling significantly high CW and pulsed power levels. Using PIC simulations in 
CST Particle Studio, we were able to demonstrate that these physically realizable metamaterial-
enhanced TWTs maintain similar high interaction impedance levels as the ones that use ideal, 
physically unrealizable metamaterials. The results of our investigations in this area are published 
in a number of conference papers [C3], [C6]. Additionally, a manuscript of a journal paper in 
this area is also prepared that will be submitted to IEEE Transactions on Plasma Science. 
 
 
8. Publications Resulted from This Effort 
The list of the papers published as a result of this effort is provided. The list is divided into two 
sections of journal papers and conference papers. Some of the co-authors of these papers are 
students that worked on this project and were advised by the PI. These students or advisees are 
marked with a # sign next to their names in the citations below. 
 
6.1.Journal Papers 
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C4. S. M. A. Momeni Hasan Abadi# and N. Behdad, “Wideband Multi-Beam Antenna 
Apertures Using Metamaterial-Based Superstrates,” 2014 IEEE International Symposium 
on Antennas and Propagation and USNC-URSI Radio Science Meeting, July 6-12, 2014, 
Memphis, TN. Received honorable mention in the student paper competition of the 
conference. 

C5. S. M. A. Momeni Hasan Abadi# and N. Behdad, “Ultra-Wideband, True-Time-Delay, 
Metamaterial-Based Reflectarray Antenna,” 2014 IEEE International Symposium on 
Antennas and Propagation and USNC-URSI Radio Science Meeting, July 6-12, 2014, 
Memphis, TN. 

C6. A. Rashidi# and N. Behdad, “Metamaterial-Enhanced Slow-Wave Structures for 
Traveling Wave Tube Applications,” 2014 IEEE International Symposium on Antennas 
and Propagation and USNC-URSI Radio Science Meeting, July 6-12, 2014, Memphis, 
TN. 

C7. C.-H. Liu# and N. Behdad, “Investigating Failure Mechanisms in High-Power Microwave 
Frequency Selective Surfaces,” Submitted to the 2014 IEEE International Symposium on 
Antennas and Propagation and USNC-URSI Radio Science Meeting, July 6-12, 2014, 
Memphis, TN. Received honorable mention in the student paper competition of the 
conference. 

C8. C.-H. Liu#, J. Neher#, J. H. Booske, and N. Behdad, “Investigating the Physics of 
Microwave Induced Breakdown in Metamaterials with Multi-Resonant Constituting Unit 



16 
 

Cells,” 55th Annual Meeting of the APS Division of Plasma Physics, Vol. 58, no. 16, 
November 11-15 2013, Denver, CO. 

C9. J. H. Booske, B. Kupczyk, A. Garcia, C.-H. Liu#, X. Xiang, N. Behdad, and J. Scharer, 
“Reduced breakdown delay in high power microwave dielectric window discharges via 
penning-like mixtures and patterened metallization,” 55th Annual Meeting of the APS 
Division of Plasma Physics, Vol. 58, no. 16, November 11-15 2013, Denver, CO. 

C10. B. Kupczyk, C. H. Liu#, X. Xiang, N. Behdad, J. Scharer, and J. H. Booske, 
“Reduced Breakdown Delay in High Power Microwave Dielectric Window Discharges,” 
IEEE Pulsed Power & Plasma Science, San Francisco, CA 16-21 June 2013. 

C11. S. M. A. Momeni Hasan Abadi# and N. Behdad, “Multi-Beam Antennas Using 
Planar Lenses Fed With Focal Plane Arrays,” 2013 AP-S/URSI Symposium, Orlando, FL. 

C12. M. Li# and N. Behdad, “All-Dielectric, True-Time-Delay, Planar Microwave 
Lenses,” 2013 AP-S/URSI Symposium, Orlando, FL. Finalist in the student paper 
competition. One of the 15 finalists selected from among ~150 submissions 
worldwide. 

C13. C.-H. Liu# and N. Behdad, “Plasma tunable metamaterials and periodic 
structures,” 2013 International Vacuum Electronics Conference (IVEC 2013), pp. 1-2, 
DOI: 10.1109/IVEC.2013.6571008. 

C14. Chien-Hao Liu# and N. Behdad, “Analysis of Electromagnetic Wave Tunneling 
Through Stacked Single-Negative Metamaterial Slabs: a Microwave Filter Theory 
Approach,” 2012 IEEE International Symposium on Antennas and Propagation and 
USNC-URSI National Radio Science Meeting, July 8-14, 2012, Chicago, IL, pp. 1-2 
(DOI: 10.1109/APS.2012.6349305). 

C15. Chien-Hao Liu# and N. Behdad, “High-Power Microwave Filters and Frequency 
Selective Surfaces Utilizing EM Wave Tunneling Through ε-Negative Layers,” 2012 
IEEE International Symposium on Antennas and Propagation and USNC-URSI National 
Radio Science Meeting, July 8-14, 2012, Chicago, IL, pp. 1-2 (DOI: 
10.1109/APS.2012.6349304). Finalist in the student paper competition. One of the 15 
finalists selected from among ~150 submissions worldwide. 

C16. M. Li# and N. Behdad, “Frequency Selective Surfaces for High-Power Microwave 
(HPM) Applications,” 2012 IEEE International Symposium on Antennas and 
Propagation and USNC-URSI National Radio Science Meeting, July 8-14, 2012, 
Chicago, IL, pp. 1-2 (10.1109/APS.2012.6348722). 

C17. M. Li# and N. Behdad, “Ultra-Wideband, True-Time-Delay, Metamaterial-Based 
Microwave Lenses,” 2012 IEEE International Symposium on Antennas and Propagation 
and USNC-URSI National Radio Science Meeting, July 8-14, 2012, Chicago, IL, pp. 1-2 
(DOI: 10.1109/APS.2012.6349044). 

C18. Chien-Hao Liu# and N. Behdad, “Electromagnetic Wave Tunneling Through 
Multiple Epsilon-Negative Metamaterial Layers: A Microwave Filter Theory Approach,” 
USNC/URSI National Radio Science Meeting, January 4-7, 2012 Boulder, CO. 

C19. M. Li# and N. Behdad, “Fludically Tunable Phase Shifting Surfaces for High-
Power Tunable Lens Applications,” 2011 Antenna Applications Symposium, Robert 



17 
 

Allerton Park, Monticello IL, September 20-22, 2011. Winner of the second place 
award in the student paper competition.  

C20. M. Al-Joumayly# and N. Behdad, "Wideband True-Time-Delay Microwave 
Lenses Using Low-Profile, Sub-wavelength Periodic Structures," IEEE Int. Symp. 
Antennas and Propag. & USNC/URSI Nat. Radio Sci. Meeting, July 3-8, 2011, Spokane 
WA. 

C21. M. Al-Joumayly# and N. Behdad, "High-Resolution Discrete Lens Arrays Using 
Miniaturized-Element Frequency Selective Surfaces," IEEE Int. Symp. Antennas and 
Propag. & USNC/URSI Nat. Radio Sci. Meeting, July 3-8, 2011, Spokane WA. 

 

9. Inventions and Patents Resulted from This Effort 
 

1. “True-Time-Delay, Low-Pass Lens,” Inventors: N. Behdad and Meng Li, Utility patent 
application filed with U.S. Patent and Trademark Office (U. S. App. No. 13/483,381) 
filed on 5/30/2012. 

2. Epsilon-negative Loaded Traveling Wave Tube, Inventors: Arash Rashidi and Nader 
Behdad, filed with USPTO on 3/10/2014 (USSN 14/202,992). 
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1) The 2014 R. W. P. King Prize Paper Award of the IEEE Antennas and Propagation 
Society for the paper: 

 M. Li and N. Behdad, “Wideband True-Time-Delay Microwave Lenses Based on 
Metallo-Dielectric and All-Dielectric Lowpass Frequency Selective Surfaces,” 
IEEE Transactions on Antennas and Propagation, vol.61, no.8, pp.4109-4119, 
August 2013. 

 
2) Winner of the Student Paper Competition of the 2014 IEEE Pulsed Power & Plasma 

Science Conference for the paper: 
 C. H. Liu and N. Behdad, “Metamaterials with Discrete Nonlinear Responses for 

High-Power Microwave Applications,” IEEE Pulsed Power & Plasma Science, 
San Francisco, CA 16-21 June 2013. 

 
3) Second Place in the Student Paper Competition of the 2011 Antenna Applications 

Symposium for the paper: 
 M. Li# and N. Behdad, “Fludically Tunable Phase Shifting Surfaces for High-

Power Tunable Lens Applications,” 2011 Antenna Applications Symposium, 
Robert Allerton Park, Monticello IL, September 20-22, 2011. 

 

4) One of the 15 finalist (from ~150 submissions worldwide) in the student paper 
competition of the 2012 IEEE Antennas and Propagation Society Internal 
Symposium for the paper: 

 Chien-Hao Liu# and N. Behdad, “High-Power Microwave Filters and Frequency 
Selective Surfaces Utilizing EM Wave Tunneling Through ε-Negative Layers,” 
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2012 IEEE International Symposium on Antennas and Propagation and USNC-
URSI National Radio Science Meeting, July 8-14, 2012, Chicago, IL, pp. 1-2. 

 
5) One of the 15 finalist (from ~150 submissions worldwide) in the student paper 

competition of the 2013 IEEE Antennas and Propagation Society Internal 
Symposium for the paper: 

 M. Li# and N. Behdad, “All-Dielectric, True-Time-Delay, Planar Microwave 
Lenses,” 2013 AP-S/URSI Symposium, Orlando, FL. 

 
6) Honorable mention in the student paper competition of the 2014 IEEE Antennas 

and Propagation Society Internal Symposium for the paper: 
 C.-H. Liu# and N. Behdad, “Investigating Failure Mechanisms in High-Power 

Microwave Frequency Selective Surfaces,” Submitted to the 2014 IEEE 
International Symposium on Antennas and Propagation and USNC-URSI Radio 
Science Meeting, July 6-12, 2014, Memphis, TN 

 
7) Honorable mention in the student paper competition of the 2014 IEEE Antennas 

and Propagation Society Internal Symposium for the paper: 
 S. M. A. Momeni Hasan Abadi# and N. Behdad, “Wideband Multi-Beam Antenna 

Apertures Using Metamaterial-Based Superstrates,” 2014 IEEE International 
Symposium on Antennas and Propagation and USNC-URSI Radio Science 
Meeting, July 6-12, 2014, Memphis, TN 
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